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In previous papers the determination of the molecular contents of critical clusters has been performed. Both unary and binary vapor mixtures have been examined. This paper describes the first study of a ternary system. Using a nucleation pulse chamber accurate measurements of homogeneous nucleation rates ͑10 5 ϽJ/cm Ϫ3 s Ϫ1 Ͻ10
9
͒ of mixed droplets in supersaturated, ternary mixtures of water, n-nonane and n-butanol vapor have been performed. The examined gas phase activities, a 1 , a 2 , and a 3 , respectively, covered the whole ternary composition space at Tϭ240 K. The observed variations of the cluster compositions with vapor phase composition differ substantially from that of ideal mixtures. The experiments seem to indicate phase separation within the critical clusters. The arrangement of the molecules in the cluster remains to be clarified. © 1996 American Institute of Physics. ͓S0021-9606͑96͒51642-9͔
I. INTRODUCTION
In atmospheric as well as technological settings multicomponent condensation occurs. In technical processes often mixtures are encountered which form two or more condensed phases. For instance, in the liquid state water and oil do not mix. By adding a suitable third component, a surfactant, one achieves mixing. In emulsion and microemulsion research such systems are of growing importance. In the vapor phase there are no limitations to mutual mixing. For example, water and oil vapor form a homogeneous vapor phase. If such a vapor mixture is supersaturated, e.g., by an adiabatic expansion, water and oil droplets will form by homogeneous nucleation. Interestingly, water and oil nucleate independently. 1 Adding a third component the situation may change.
The seemingly difficult task to study ternary nucleation can be performed using a nucleation pulse expansion chamber. 2 The idea of a nucleation pulse is to generate supersaturation for a short period of time ͑of order of a millisecond͒. Only during that period nucleation occurs. By condensational growth the nuclei are then developed into droplets, the number density of which can then be determined by some optical technique. The knowledge of the time interval of nucleation and the number density of nuclei permits calculating a nucleation rate. As mentioned above, in the vapor phase one can mix any number of components. Therefore, also systems forming immiscible liquids can be studied.
Theoretical work of Kashchiev 3 predicts that isothermal nucleation rates versus supersaturation curves allow determining the number of molecules in the critical cluster. Using a nucleation pulse chamber we have constructed over the last years 2, 4 investigations on the binary homogeneous nucleation of a variety of partially miscible liquid pairs have been performed. 1, [5] [6] [7] [8] In particular, water-n-alcohols at Tϭ260 K 5, 8 and water-nonane at Tϭ230 K have been reported. 1 Presently we are studying the binary n-nonane-n-alcohol systems. In recent papers [6] [7] [8] we have extracted from nucleation rate measurements the molecular content of nuclei in binary systems. In the theoretical section we recall the theoretical procedure 6 and extend it to ternary systems. From the analysis of the measurements we obtain the composition of nuclei in some cases containing all three components. Towards the end of the paper we discuss how the molecules might be distributed.
II. THEORY
As Kashchiev
3 pointed out, the number of molecules in critical clusters is obtained from the steep dependence of nucleation rates on supersaturation without having to assume anything about the distribution of the matter within the cluster. While he suggested this first for unary systems, we later generalized it for binary systems. 6 Recently, Oxtoby, and Kashchiev 9 showed that
valid for any number of components, where the * refers to the critical cluster. ⌬G* is the work of formation of the critical cluster, and ⌬ i the chemical potential difference of molecule i in the vapor and condensed phase. Obtaining the numbers of molecules n i * in the nucleus independent of a particular model is useful for formulating and testing improved nucleation theories.
A. Nucleation theory
Generally, experimental nucleation rates follow the relation which allows, in view of Eq. ͑1͒, to obtain the number of molecules in the critical cluster from
͑3͒
because the kinetic prefactor K is a comparatively weak function of vapor phase activity a i , which is taken as the ratio of the actual vapor pressure divided by the equilibrium vapor pressure of the pure component i.
B. Unary nucleation
The application of Eq. ͑3͒ to the case of nucleation of a single component has been demonstrated recently for a number of systems. 2, 10, 11 The activity for one component systems is usually called the supersaturation S. The number of molecules in the critical cluster are then obtained from the slope of the isothermal nucleation rate curve
Interestingly, the molecular content of unary nuclei calculated from the Gibbs-Thomson equation using macroscopic surface tension and density agreed very well with the experimental n* values. 
C. Binary nucleation
As it has been explained in detail by Strey and Viisanen 6 in 1993, from the experiments on binary systems a nucleation rate surface is obtained. The quantitative analysis of the slopes of this surface permits determining the individual numbers of both species in the binary nuclei. To recall the arguments, consider the nucleation rate surface ln Jϭ f (a 1 ,a 2 ). At constant f , that is fixing ln Jϭln J 0 , where J 0 denotes a reference or onset nucleation rate, we have a onset activity line on the 2-dimensional f (a 1 ,a 2 ) surface, so that
Experimentally, one obtains f (a,b) with
͑6͒
and a constant ratio b bϭ a 2 a 1 . ͑7͒
For any point on the surface we may write
͑10͒
Inserting Eq. ͑5͒ into Eq. ͑8͒ and rearranging, we find
Inserting further Eqs. ͑9͒, ͑10͒, and ͑7͒ we can calculate 
D. Ternary nucleation
In a ternary system one has three binary side systems. The experimental nucleation rate curves in each of the three binary systems shape nucleation rate surfaces in the threedimensional J-a 1 -a 2 , J-a 1 -a 3 , and J-a 2 -a 3 spaces, from which lines of onset activities are obtained. Emanating from the three binary sides, in four-dimensional J-a 1 -a 2 -a 3 space a nucleation rate hypersurface is formed, from which a surface of onset activities is obtained. Such a surface for the present system has experimentally been determined and is shown below. The individual numbers of the molecules in the nuclei can directly be determined from the slopes of the experimental nucleation rate hypersurface. In the case of ternary nucleation the problem arises that one seeks the nucleation rate as function of the activity of one component at a time, while keeping the other two activities constant. This is experimentally not feasible. Nevertheless, an analogous procedure as for binary nucleation is possible. Consider the nucleation rate hypersurface ln Jϭ f (a 1 ,a 2 ,a 3 ) At constant f , that is ln Jϭln J 0 we have an onset activity surface in 3-dimensional a 1 -a 2 -a 3 space, so that
Experimentally, we measure f (a,b,c) with
which permit us to write in analogy with Eq. ͑8͒ for any point on the hypersurface
, ͑18͒
Inserting Eqs. ͑13͒ and ͑14͒ into Eq. ͑18͒ and rearranging we have
.
͑22͒
The task is thus to determine ‫ץ‬ ln J/‫ץ‬a͉ b,c and the orthogonal slopes ‫ץ‬a 3 /‫ץ‬a 1 ͉ a 2 ,J and ‫ץ‬a 3 /‫ץ‬a 2 ͉ a 1 ,J of the onset activity surface. Equation ͑22͒ can then be used in Eqs. ͑13͒ and ͑14͒
to obtain the other two slopes.
III. EXPERIMENT A. Choice of the substances
The nucleation behavior of the unary system water 10 has been studied in our chamber before. N-nonane is an often studied nonpolar substance in homogeneous nucleation research. 4, 12, 13 With water and oil, two immiscible substances, as third substance the choice of an amphiphile seems to be interesting, because an amphiphile may link water and oil due to its molecular build up. Alcohols are simple amphiphiles, and the nucleation behavior of the n-alcohols is also well studied. 11, 14, 15 The choice of the alcohol for the present study rests on the following considerations. In general, the miscibility between water and an oil can be enhanced by the addition of a suitable amphiphile, but it is strongly temperature dependent. [16] [17] [18] From systematic investigations of the phase behavior water, oil amphiphile systems it is known that the efficiency of an amphiphile is most expressed at the so-called hydrophilic-lipophilic balance. There the interfacial tension between water and oil ͑of order 50 mN/m͒ are drastically reduced to a very low level ͑of order of 0.1 mN/m or less͒ by the presence of the amphiphile. As can be estimated from data given in the quoted papers [16] [17] [18] a balanced amphiphile at Tϭ240 K for nonane as oil is n-butanol. Fixing the nucleation temperature to Tϭ240 K is suggested by considering the experimental window for n-nonane. Homogeneously nucleated n-nonane droplets grow rather rapidly at higher temperatures than Tϭ240 K, 4 while the nucleation of water 10 and n-butanol 11 can still well be studied.
B. The nucleation pulse experiment
The homogeneous nucleation rate measurements were performed using the nucleation pulse expansion chamber. 2 The vapors are premixed with the carrier gas in a separate receptacle from where a gas volume of selectable total pressure is filled into the chamber. For studying three components a third vaporizer was added to our vapor mixing unit. The three vapors water ͑1͒, n-nonane ͑2͒ and n-butanol ͑3͒ are admitted one at a time to the receptacle and the carrier gas ͑usually argon͒ is added in excess. After the vapors and the carrier gas have mixed in the receptacle the expansion chamber is flushed and filled with the vapor/carrier gas mixture. The details of the expansion chamber, experimental setup and the experimental procedure can be found in the quoted reference. 2 The total pressure and the pressure in the expansion volume are adjusted such that the subsequent expansion always leads to the same temperature ͑Tϭ240 K͒ calculated by adiabatic law. Since the total pressure is recorded as function of time over the nucleation pulse the partial pressures p 1 , p 2 , and p 3 at nucleation temperature are precisely known. Using the known equilibrium partial pressures p 10 , p 20 , and p 30 of the pure components the activities a 1 , a 2 , and a 3 are calculated. The expanded state is maintained for about 1 ms during which nucleation can occur. Then a small recompression is carried out to quench the nucleation process. In this fashion nuclei formed during the nucleation pulse can still grow and develop into droplets of micrometer size, where their number density C is determined by light scattering. Typical scattering curves are contained in previous publications. 2, 4, 10 Assuming the nucleation process to be stationary the nucleation rate is given by
C. Accuracy of the results
The sources of experimental errors have been discussed by previously. 2, 6 The experimental error of the nucleation rate J is estimated to be a factor of 2. The temperature calculated is accurate to within a few tenth of a degree and scatters less than a tenth of a degree. The slopes of the nucleation rates have a reproducibility of 4%. The determination of the onset activities leading to Fig. 1 is rather accurate, because they are supported by a whole nucleation rate curve. They carry an error of less than 3%. Connecting the a 3 vs a 12 data points one obtains polygones. Determining the slopes for each a 3 data point introduces some error. Also the interpolation to obtain the a 2 vs a 1 curves has a similar uncertainty. Both slopes appear in a multiplicative fashion in Eqs. ͑29͒ and ͑30͒. Overall, we estimate the error in the x i to be smaller than Ϯ0.05. The definitions of the quantities x i and a 12 follow below.
IV. RESULTS
A. The nucleation rate hypersurface
The experiment yields the nucleation rate J as function of the vapor phase activities a 1 , a 2 , and a 3 . Since the vapors are mixed in the receptacle, the ratios b and c between the three activities stay constant as the total pressure is changed. Therefore, one may combine them into the single variable a defined above in Eq. ͑15͒. The ln J -a curves determine a nucleation rate surface in the ln J -a i -a j spaces of the binary systems. For discussion and a picture of a schematic nucleation rate surface see Ref. 6 . For the ternary system studied here, the three binary nucleation rate surfaces bound a nucleation rate hypersurface, which is difficult to visualize in 3 dimensions. But we do not have to actually see the hypersurface, because it suffices to determine the slopes of that surface. Experimentally, measuring ln J -a curves for the ternary water-n-nonane-n-butanol system at constant temperature ͑240 K͒ is no more difficult than for a binary system. As for the binary systems the ln J -a representation of the datapoints is quite linear, so that least squares fits of straight lines to the data provide the numerical values for the slopes ‫ץ‬ ln J/‫ץ‬a͉ b,c and the corresponding onset activities a i . As mentioned, the ln J -a curves shape a hypersurface in the four-dimensional ln J-a 1 -a 2 -a 3 space. Formally, this hypersurface may be thought to intersect with an a 1 ,-a 2 ,-a 3 hyperplane, if one fixes an onset nucleation rate at J 0 ϭ10
, which represents the center of our experimental nucleation rate window, and is therefore rather precisely known. This is fully analogous to the binary system 6 where in 3-dimensional ln J-a 1 -a 2 space a nucleation rate surface intersects with an a 1 -a 2 plane of constant onset nucleation rate of J 0 ϭ10 7 cm Ϫ3 s Ϫ1 to yield an a 1 -a 2 line ͑the conventional activity plot in binary nucleation͒.
B. The onset activity surface
Accordingly, the intersection between the nucleation rate hypersurface and the a 1 -a 2 -a 3 hyperplane results in a surface in three-dimensional a 1 -a 2 -a 3 space. This surface we have determined experimentally. The a 3 (a 1 ,a 2 ) data points shaping the onset activity surface in a 1 -a 2 -a 3 space ͑refer-ring to a constant JϭJ 0 ͒ are shown in Fig. 1 in a  3 -dimensional representation. Due to the experimental procedure of fixing the bϭa 2 /a 1 ratio and changing the n-butanol content the data points in Fig. 1 follow smooth 
͑30͒
As is seen from Eqs. ͑22͒ to ͑24͒ in the theoretical section in order to determine the number of molecules of each component in the critical nucleus, one needs ͑i͒ the slopes of the ln J -a curves ͑obtained directly from the experimental nucleation rate J versus a͒, ii͒ the orthogonal slopes ‫ץ‬a 3 /‫ץ‬a 1 ͒ are shown in a 3-dimensional representation. The data are measured along lines of constant bϭa 2 /a 1 ratios by varying the n-butanol content. Full lines are aids to guide the eye. Each data point is obtained from a full nucleation rate curve. The data shape the onset activity surface discussed in the text.
C. Measurement of molecular content of the nuclei
The n 1 , n 2 , and n 3 , that are the measured numbers of water, n-nonane and n-butanol molecules for each data point in Fig. 1 have been determined and are given in Table I . In Table I we give the slope of the nucleation rate curve, the a i and the n i with more than significant digits in order for the reader to be able perform calculations without limiting rounding errors. The actual numbers for the one-component systems are for water 31, for n-nonane 23, and for n-butanol 39 molecules in the critical clusters. The numbers of molecules of the binary and ternary systems vary smoothly within these limits and are most instructively plotted by calculating the mole fractions
In Fig. 2 the composition of the clusters in the binary watern-nonane systems are shown. The excursions of the data points x i to values x i Ͻ0 and Ͼ1 are within experimental error consistent with being x i ϭ0 orϭ1, respectively. The normalization of the abscissa by the onset activities a i0 ͑i ϭ1,2͒ of the respective pure systems permits representing the data evenly spaced. We therefore define a normalized activity fraction a 2 Јϵ a 2 /a 20 a 1 /a 10 ϩa 2 /a 20 . ͑32͒
As can be seen either water or oil droplets nucleate. At a 2 Ј ϭ 0.5 the nucleating species abruptly switches from water to oil. This behavior is consistent with the direct observation considering the bottom plane of Fig. 1 , where the onset activity for nucleation is observed to be either that of water or oil. In Figs. 3͑a͒-3͑f͒ the full ternary system is presented ranging from the pure binary water-n-butanol system (a 2 Ј FIG. 2 . The composition of the clusters in the binary water-n-nonane systems versus the normalized onset activities. As can be seen either water or oil droplets nucleate abruptly changing from one type to the other at a 2 Ј ϭ 0.5. Note that the negative numbers are within experimental error equal to zero, numbers larger than unity are within experimental error equal to unity. 30 . ͑33͒
Considering once more Fig. 1 , each of the plots in Fig. 3 starts at a point on the bottom plane in Fig. 1 ͑for a given a 2 Ј ratio ranging from 0 to 1͒ and a 3 Ј increases until one ends up at the pure butanol corner where a 3 Ј is unity, per defintionem. Let us consider the individual plots one by one.
Starting in Fig. 3͑a͒ with pure water-n-butanol (a 2 Ј ϭ 0), one can see that water nucleates at low a 3 Ј . Also it can be seen that n-butanol enhances water nucleation and vice versa, so that at intermediate vapor compositions the cluster compositions are quite similar. For a 2 Ј ϭ 0.2 in Fig. 3͑b͒ not much has changed. We note that in the evaluation procedure the number of oil molecules are measured to be effectively zero. Remarkably, within experimental error no oil molecules participates in the nucleation process. Negative numbers are of course the consequence of the finite experimental accuracy.
For a 2 Ј ϭ 0.4 in Fig. 3͑c͒ there is again not much change, except for the little glitch of the x 2 which may in fact a precursor of what happens for the next higher a 2 Ј in Fig. 3͑d͒ . Here, for a 2 Ј ϭ 0.6, the situation has qualitatively changed:
the nucleation starts with pure n-nonane, so that x 2 ϭ1 for a 3 ϭ0. However, as soon as some n-butanol is present in the critical cluster a rapid entering of water is observed while n-nonane becomes less. In Fig. 3͑e͒ , for a 2 Ј ϭ 0.8, the situation is qualitatively similar although quantitatively now n-nonane and butanol dominate. However, at some intermediate normalized activity, e.g., a 3 Ј ϭ 0.35, all three components are found to be simultaneously present in significant amounts. The binary n-nonane-n-butanol system (a 2 Ј ϭ 1) in For vapor mixtures of three components we have found cluster compositions with significant amounts of all three components. Thus, it seems that the amphiphile, n-butanol, does work as a surfactant: It links the two incompatible components water and n-nonane in a single cluster, which is a typical feature of surfactants. Whether it does this in form of a molecular mixture or in the form of two or more phases remains to be found out. In previous papers evidence of surface enrichment of alcohol in binary water-n-alcohol systems was found. If in addition oil enters the cluster it will ͑presumably͒ seek contact with the hydrophobic part and avoid contact with the water-rich core. That is, phase separation within the cluster is likely to occur. Here, the question of definition of a phase consisting of a few molecules arises. Also, phase separated critical clusters require theoretical models for the structure of such clusters. Progress could come from techniques, like molecular dynamics, 19 Monte Carlo, and and density functional theory. 20, 21 In the quoted work phase separated clusters have been investigated and their structure analyzed. Experiments of the type described in this paper furnish quantitative data ͑cf. Table I͒ on the actual number of molecules within the cluster.
V. CONCLUSIONS
We have demonstrated how simultaneous nucleation of three components can experimentally be examined. Furthermore, we have given the mathematical treatment of the experimental measurables from which we extracted the individual numbers of molecules, that is, the cluster composition. The procedure, as described, can be applied to any kind of ternary mixture. Specifically, one might think of atmospherically relevant mixtures of water and trace gases. Experiments on such systems are planned for the future. We have studied here the condensation of the immiscible pair water-nnonane and examined how the addition of an amphiphile links the two incompatible liquids in a cluster. It is remarkable that at intermediate vapor compositions the critical clusters contain significant amounts of each component. The quantitative numbers we have determined may constitute a basis for theoretical modeling of the ͑presumably͒ inhomogeous distribution of the molecules in such clusters.
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